Novel applications of alginate and PHAs

Novel applications of alginates
Novel alginates applications have been focused on pharmaceutical and biomedical fields, because they are non-toxic, biocompatible, non-immunogenic, hydrophilic and biodegradable material (Augst et al., 2006; Hernández et al., 2010) . Alginate hydrogels can be used as bulking materials for in vivo and in vitro cell immobilization, like drug controlled delivery system, for tissue engineering (Augst et al., 2006; Hernández et al., 2010) , and alginate conjugates have also been tested as antigens to control cystic fibrosis (Kashef et al., 2006) , and other bacterial infections (H. . During the last three decades, microencapsulation using alginate has been investigated to deliver and protect from the host immune system, not only drugs, but also transplanted cells (Hoesli et al., 2011) . The materials used for these molecular/cell immobilization require to be biocompatible and bioinert, with certain size and shape. In addition, alginates have been used as scaffold for tissue www.intechopen.com engineering, and chemical modifications that increase alginate biocompatibility or cell adhesion have been developed. The polysaccharide can be modified by coupling proteins and peptides, allowing the control of cell attachment (Augst et al., 2006; Hernández et al., 2010) . The biomimetic gel design provides in vivo long-term functionality and higher mechanical stability (Hernández et al., 2010) . Some therapeutic applications of alginate microencapsulation are related with drug delivery. For low-molecular weight drugs, regulating drug-alginate interactions in alginate gels allows the control of drug release. This is especially important for drugs that have severe side effects, like antineoplastic agents. Besides, some proteins with therapeutic activities can be alginate-microencapsulated to improve their efficacy and targeting, because alginate encapsulation facilitate a localized delivery without adverse side effects. Alginate microencapsulation has been proven with basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF). The release of VEGF is controlled by the dissolution of the ionic binding complex between alginate and VEGF and subsequent diffusion, showing a constant release rate for several weeks (Augst et al., 2006) . Alginate has been successfully used for cell microencapsulation, which is of great importance for Diabetes Mellitus type 1 treatment, where several efforts have been made for regulated insulin supply for treating insulin-dependent patients (Hernández et al., 2010) . Moreover, there are several new strategies developed to improve the cell-alginate immobilization process (Hoesli et al., 2011) , as well as immune protection and oxygen supply to avoid hypoxia problems during transplants (Ludwig et al., 2010) . In the tissue engineering field, alginate has been used for bone regeneration therapy using coimmobilization of human osteoprogenitors and endothelial cells in studies in vivo and in vitro (Hernández et al., 2010) . Other important applications of alginate for tissue engineering are related to neurological and cardiologic tissue regeneration (Hernández et al., 2010) . Pseudomonas aeruginosa is the most common pathogen responsible for morbidity and mortality in cystic fibrosis patients. During infection, this bacterium produces alginate, which is an important virulence factor (Kashef et al., 2006) . For this reason, alginate has been used for vaccine design, against P. aeruginosa. Vaccines based on purified alginate bring poor immunogenicity (Dörig & Pier, 2008) ; however, when alginate is conjugated with proteins, the immune response could be enhanced (Dörig & Pier, 2008; Kashef et al., 2006) . Kashef et al., (2006) designed an alginate-tetanus toxoid conjugate non-toxic, non pyrogenic, which was able to protect mice against a lethal dose of mucoid P. aeruginosa. It is important to point out that alginate viscosity plays an important role for the P. aeruginosa protection during the infection process. Because of this, it has been proposed to induce changes in the rheology of the alginate by addition of alginate olygoelectrolytes conformed by G blocks only (Draget & Taylor, 2011) . These oligoguluronates reduce the mechanical response of the polymer synthesized by P. aeruginosa in patients diagnosed with cystic fibrosis (Draget & Taylor, 2011) . Alginates have also been studied for development of novel immunotherapy strategies for cancer treatment using dendritic cells which are potent initiators of immune response. Calcium cross-linked alginate gels carrying dendritic cells initiated the immune response and allowed the migration of the immune cells through the alginate gel (Hori et al., 2008 (Hori et al., , 2009 ).
Novel applications for PHAs
PHAs have received much attention as candidates to produce biodegradable plastics compatible with the environment, due to their material properties (similar to those of well-known plastics such as polypropylene), their production from renewable sources, and their inherent biodegradability in various environments (Taguchi & Doi, 2004 Some of the monomers present in PHAs are known to be present in human and animals. For example, the monomeric component of PHB ( -hydroxybutyrate) is a ketone body normally found in human blood (Williams & Martin, 2005) . The biocompatibility, together with the adjustable mechanical properties, and controllable biodegradability of PHAs have raised interesting applications in the medical field. These polymers have been used in artificial organ construction, drug delivery, tissue repair, and nutritional/therapeutic uses (Chen & Wu, 2005; Freier, 2006; Grage et al., 2009; Valappil et al., 2006; Williams & Martin, 2005; Wu et al., 2009; Zinn et al., 2001) . Because several PHAs are available now in sufficient quantity, some of them have been used in biocompatibility studies in vivo (Valappil et al., 2006) . Some of the medical devices tested with different degrees of success include meniscus repair devices, staples, screws, bone plating systems, cardiovascular patches, stents and nerve guides (Wu et al., 2009 ). Very interesting applications for PHAs are found in the fabrication of drug delivery devices. Their biocompatibility, combined with their biodegradation, make them good candidates for this purpose (Chen, 2009) . The possibility to create PHAs of various monomeric compositions and molecular weights makes possible the fine control of their degradation rate (Wu et al., 2009 (Lee et al., 2005; Wang et al., 2008) . Combining the fusion of the protein of interest with the phasin protein (PhaP), intein mediated self-cleavage, and PHA synthesis in recombinant Escherichia coli, specific proteins can be produced together with their insoluble matrix, and after cell disruption, precipitation and selfcleavage, the purified protein is released (Banki et al., 2005; Mee at al., 2008) . A similar method using Cupriavidus necator instead of E. coli has been developed (Barnard et al., 2005) . PHA nanoparticles have also been used in drug delivery, target specific therapy and as biomarkers or biosensors (Grage et al., 2009) . Using the same principle of affinity binding of PHA synthase to PHA granules, Brockelbank et al., (2006) demonstrated the display of antigen fragments at the surface of PHA beads, showing their potential to be used in immunoglobulin G (IgG) purification from human serum. The functional display of antigen or antibodies fragments at the bead surface can be used for diagnostic or therapeutic applications (Grage et al., 2009) . Fusion of PHA synthase with streptavidin has shown that these PHA beads can also be used for ELISA, DNA purification, enzyme immobilization and flow cytometry (Peters & Rhem, 2008) . Engineered proteins for inorganics, like gold or silica, or IgG, have also been fused to the PHA synthase, and displayed at the surface of PHA granules, so these biobeads can be used for medical bioimaging procedures as inorganic contrast agents (Grage et al., 2009; Jahns et al., 2008) . With respect to targeted drug delivery, Yao et al., (2008) (Chen, 2009) . Some of them have been used as starting material for the synthesis of antibiotics, vitamins, aromatics and pheromones (Ruth et al., 2007) . A new field of application for PHAs has been devised in the energy industry. These polymers can be used as biofuels (Chen, 2009) . The conversion of PHB or mcl-PHAs to their methyl ester derivatives by acid catalyzed hydrolysis, allowed their use as fuels in blends with ethanol, gasoline, and diesel, with reasonable combustion heats (Zhang et al., 2009 ).
Azotobacter vinelandii
A. vinelandii is a gamma Proteobacteria having a strictly respiratory type of metabolism with oxygen as the terminal electron acceptor. Nitrogen is fixed at either microaerobic or fully aerobic conditions. Its growth is heterotrophic where sugars, alcohols and salts of organic acids are used as carbon source (Kennedy et al., 2005) . Sugars are metabolized trough the Entner-Doudoroff pathway (Conway, 1992) . The genus Azotobacter is distinguished by the ability to form metabolically dormant cyst in stationary phase or upon induction of vegetative cells with 0.2% of n-butanol. The cysts are significantly more resistant than vegetative cells to desiccation (Socolofsky & Wyss, 1962) . Alginate is a component of the envelope that protects the cyst, and is essential for the resistance to desiccation (Campos et al., 1996) . Upon induction of encystment intracellular accumulation of poly--hydroxybutyrate (PHB) occurs at an exponential rate; however recent data demonstrated that PHB was not essential for the formation of mature cysts (Segura et al., 2003a) . The majority of nitrogen fixing bacteria are capable of reducing N 2 only in anaerobic or microaerobic conditions. In contrast, A. vinelandii is an obligate aerobe capable of fixing N 2 even at high concentration of O 2 . This is possible because this bacterium can adjust oxygen consumption rates to help maintain low levels of cytoplasmic oxygen, which is otherwise detrimental not only for nitrogenase, but also to other oxygen-sensitive enzymes, a process that has been called respiratory protection (Poole & Hill, 1997) . In addition to the respiratory protection of the nitrogenase, another way to keep the cytoplasm anaerobic is to prevent the O 2 transfer into the cell. The polysaccharide alginate is believed to form a coating around the cell, acting as a physical O 2 barrier (Sabra et al., 2000) . This barrier has also been reported to protect the cell from heavy metals toxicity, as an ion-exchange system with high affinity to Ca ++ , or to provide a negatively charge coating which creates a barrier against attack and adverse environmental conditions (Clementi, 1997) .
Genetics and biosynthesis of alginates and PHAs in A. vinelandii
Biosynthesis of alginates by A. vinelandii
The pathway for alginate synthesis has been well established and it is conserved among brown algae, Pseudomonas and Azotobacter spp. (Lynn & Hassid, 1966; Pindar & Bucke, 1975) . Fructose 6-P, the precursor of this metabolic pathway, is converted by four enzymatic reactions to GDP-mannuronic acid (for a detailed review see Galindo et al., 2007; Remminghorst & Rehm 2006) . Polymerization of GDP-mannuronic acid is conducted by an inner membrane mannuronate polymerase (Alg8) and its activity is regulated by another inner membrane protein (Alg44), essential for alginate biosynthesis .
The resultant poly-mannuronic acid is then modified by a periplasmic O-acetylase complex (AlgI, AlgV, AlgF) and some of the non-acetylated mannuronate residues are epimerized to guluronate by a periplasmic mannuronate epimerase (AlgG). The polymer is then exported through the outer membrane via the pore-forming protein AlgJ where the activity of several extracellular C-5 epimerases (AlgE1-7), present only in A. vinelandii generate alginates with different amounts of alternating structures and/or G-block lengths (Ertesvag et al., 1999) . The molecular factors determining the molecular mass of the alginate remain largely unknown, but it has been suggested that it is the result of the polymerase and/or lyase activities on the polymer. In A. vinelandii, the existence of five alginate lyases showing different sequence cleavage specificity and cellular locations have been reported (Gimmestad et al., 2009; Trujillo-Roldán et al., 2003) . The periplasmic AlgL protein is involved in the biosynthesis of the polysaccharide, while the extracellular AlgE7 (a bifunctional alginate lyase and C-5 epimerase) and AlyA3 enzymes are involved in the release of the polymer from the cell surface and in the rupture of the cyst coat during germination, respectively. The function of the lyases AlyA1 and AlyA2 remains unknown. However, AlyA2 activity was shown to be essential for vegetative growth (Gimmestad et al., 2009 ).
The algD gene encodes the key enzyme catalyzing the generation of the alginate monomer GDP-mannuronic acid (for a recent review see Galindo et al., 2007) . Expression of algD is highly controlled by several global regulators such as the stress response sigma factor AlgU and the signalling transduction cascade conformed by the two-component system GacA/GacS and the stationary growth phase sigma factor RpoS protein, which also positively control PHB synthesis (Castañeda et al., 2000; . A. vinelandii mutants have been constructed with the aim of generating alginates with different physicochemical properties. An algL mutant was shown to produce an alginate with a molecular mass higher than that of the wild type strain (Trujillo-Roldan et al., 2003) . Furthermore a mutation in the algF gene, encoding one of the subunits of the O-acetylase complex, resulted in the production of a non-acetylated alginate, similar to that of algal origin (Vazquez et al., 1999) . As the polymers PHB and alginate compete for the supplied carbon source we generated mutants with a total blockade in PHB synthesis and in which the production of alginate was increased several fold. The contrary was also true for the production of PHB as a total blockade in the synthesis of alginate increased the accumulation of PHB (Segura et al., 2003b) . In A. vinelandii, the genes coding for these enzymes are contained in the PHB biosynthetic operon phbBAC, which codes for the acetoacetyl-CoA reductase, -ketothiolase, and PHB synthase respectively (Peralta-Gil et al., 2002; Segura et al., 2000 Segura et al., , 2003a . In the same DNA region, other genes related to PHB synthesis were also found: phbR, which codes for a transcriptional regulator; phbP, a putative granule-associated protein; and phbF, a putative regulator of phbP (Peralta-Gil et al., 2002; Segura et al., 2003a) .
Biosynthesis of PHAs by
When A. vinelandii UWD is grown on medium supplemented with n-alkanoates, such as valerate, heptanoate or nonanoate, a copolymer of poly(Hydroxybutyrate-CoHydroxyvalerate) (PHBV) is synthesized . The recent analysis of the A. vinelandii genome sequence (Setubal et al., 2009 ) demonstrated the presence of phaJ, a gene coding for a (D)-specific enoyl-Coenzyme A hydratase that is responsible for the channeling of enoyl-CoA derivatives from the fatty acid oxidation pathway to PHAs synthesis in several pseudomonads (Fukui et al., 1998) . Thus, this enzyme would be producing the hydroxyvalerate precursors for PHBV synthesis in A. vinelandii (Figure 2 ).
Fig. 2. Metabolic pathways involved in the synthesis of alginate and PHAs in A. vinelandii.
PMI, phosphomannose isomerase; PMM, phosphomannose mutase; GMPP, guanosine diphosphomannose pyrophosphorylase; GMD, GDP-mannose dehydrogenase; MP, mannuronate polymerase; ED, Entner-Doudoroff pathway.
The control of PHB biosynthesis in Azotobacter was one of the first to be studied (Senior et al., 1972; Senior & Dawes, 1971 . The main condition triggering PHB synthesis is oxygen limitation, which leads to high concentrations of NADH and NADPH, that in turn inhibit TCA cycle enzymes, increasing the concentration of acetyl-CoA available for PHB biosynthesis (Manchak & Page, 1994; Senior et al., 1972; Senior & Dawes, 1973) . The regulation of PHB synthesis in A. vinelandii is complex and additional regulatory systems are involved. PhbR, a regulator of the AraC family of transcriptional regulators, activates transcription of the phbBAC operon, and the stationary growth phase sigma factor RpoS is involved in the control of transcription of phbR (Peralta-Gil et al., 2002) . The nitrogen-related phosphotransferase system (PTS Ntr ), formed by proteins EI Ntr , Npr, and www.intechopen.com IIA Ntr regulates PHB synthesis through a phosphorelay from phosphoenolpyruvate, where the IIANtr protein acts as negative regulator of PHB synthesis in its non-phosphorylated state (Segura & Espin, 1998; Noguez et al., 2008) . It has also been reported that the FNR-like regulatory protein called CydR (Wu et al., 2001 ) and the iron-regulatory small RNA named ArrF (Pyla et al., 2009 ) control PHB synthesis in response to the redox state of the cell (oxygen), and the availability of iron respectively.
Fermentation parameters affecting the production and the composition of alginate
For several decades the synthesis of alginate and PHB by A. vinelandii has been the subject of study, either in batch (Clementi et al., 1997; Page & Cornish 1993; Parente et al., 2000; Peña et al., 2000 Sabra et al., 1999; Trujillo-Roldán et al., 2004) , continuous (Díaz- Barrera et al., 2009 Barrera et al., , 2010 Sabra et al., 2000) , fed batch cultures (Chen & Page, 1997; Mejía et al., 2010; Priego-Jiménez et al., 2005) and systems with immobilized cells in membrane reactors . In the following sections we will describe and discuss the most recent advances regarding the influence of fermentation parameters, which determine the production and composition of alginate and PHAs.
Influence of the dissolved oxygen tension (DOT) and the oxygen transfer rate (OTR) on the quantity and quality of alginate
Many studies have shown that aeration and mixing are critical parameters for optimizing the production of microbial polysaccharides . It is known that under low dissolved oxygen tension (DOT), the organism accumulates the intracellular storage polymer, PHB; whereas at high DOT, A. vinelandii uses the carbon source mainly for biomass production. Efficient conversion of sucrose to alginate is achieved only if the oxygen is accurately controlled between 1 and 10% of oxygen saturation (Parente et al., 2000; Peña et al., 2000; Sabra et al., 2000; Trujillo-Roldán et al., 2003) . The DOT also affects the composition and molecular mass of the alginate produced by A. vinelandii. Studies in bioreactor, under oxygen controlled conditions (Peña et al., 2000; Sabra et al., 2001; TrujilloRoldán, 2004) , indicate that the mean molecular mass (MMM) of the polymer, is strongly influenced by the DOT and the stirring speed of the culture. For example, in cultures conducted at low agitation speed (300 rpm) and DOT of 5 % the MMM of the polymer reached a maximum of 680 kDa. In contrast, at high agitation speed (700 rpm), the MMM increased to a plateau at low DOT (1-3 %) and then decreased at higher DOT (5 %) (Peña et al., 2000) . On the other hand, Sabra et al., (2000) reported that in phosphate-limited continuous culture, both the MM and the L-guluronic acid content increased with the DOT, reaching a maximal MM of 800 kDa and a guluronic acid content of 50 % in the cultures conducted at 10 % of air saturation. Those authors proposed that under nitrogen-fixing conditions, the bacterium builds a slimy layer or alginate capsule around the cells, to overcome the oxygen stress and to protect the nitrogenase system, causing a decrease in alginate biosynthesis. A. vinelandii is known for its high respiratory activity (Post et al., 1983) and in cultures without DOT control, the oxygen transfer becomes the limiting factor for growth. Without DOT control, the cultures operate at DOT near zero. Under this condition, a parameter that has been used for studying alginate production is the oxygen transfer rate (OTR). In this line, Díaz- Barrera et al., (2007 Barrera et al., ( , 2009 reported that the alginate yield and the MMM of the polymer were linked to the OTR of the culture. They found that the MMM of the alginate increased as OTR max decreased, observing that the MMM obtained at 3.0 mmol L -1 h -1 was 7.0 times higher (1560 kDa) than at 9.0 mmol L -1 h -1 (220 kDa; Figure 3 ). It is important to quote that in previous reports the cultures were oxygen limited and under such conditions the carbon source was only partially oxidized, which forced the cells to follow anaerobic pathways with the consequent production of PHB. More recently, Lozano et al., (2011) reported a study about the evolution of the MMM of the alginate produced by A. vinelandii ATCC 9046 in terms of the maximum oxygen transfer rate (OTR max ) in cultures where the dissolved oxygen tension (DOT) was kept constant. An increase in the agitation rate (from 300 to 700 rpm) caused a significant increase in the OTR max (from 17 to 100 mmol L -1 h -1 for DOT of 5 %, and from 6 to 70 mmol L -1 h -1 for DOT of 0.5 %). This increase in the OTR max improved alginate production, as well as the specific alginate production rate. In contrast, the mean molecular mass (MMM) of the alginate isolated from cultures developed under non-oxygen limited conditions increased by decreasing the OTR max , reaching a maximum of 550 kDa at an OTR max of 17 mmol L -1 h -1 . However, in the cultures developed under oxygen limitation (0.5 % DOT), the MMM of the polymer was practically the same (around 200 kDa) at 300 and 700 rpm and it remained constant throughout the cultivation (Lozano et al., 2011) . 
Influence of the medium components
It is widely known that the components of the culture medium play an important role in the production of alginate by A. vinelandii. Most studies have focused on assessing the influence of calcium, phosphate and nitrogen on alginate yield and its molecular mass (MM) (Parente et al., 2000; Sabra et al. 1999) . Sabra et al., (1999) found that an excess of phosphate in the culture medium (400 mg L -1 ) caused a decrease in alginate yield. In the case of nitrogen the results reported are contradictory, probably because the strain and medium composition used were different (Clementi, 1997; Sabra et al., 2001) . Recently, Zapata-Vélez & TrujilloRoldán (2010) reported that in cultures of A. vinelandii in shake flasks, the best nitrogen sources for alginate production were peptone, tryptone, and yeast extract, yielding a maximal alginate concentration of 4.0±0.4 g L -1 . Those authors found that the highest MMM was obtained in cultures grown with peptone (1,520 ± 110 kDa), whereas cultures grown with yeast extract, tryptone, ammonium acetate, and ammonium sulphate, showed values between 1,400 and 1,100 kDa. On the other hand, a lower MMM was obtained under N 2 -fixing conditions (625 ± 110 kDa). Our group reported the influence of (3N-morpholino)-propane-sulfonic acid (MOPS), a component used in the medium to keep a constant pH, on the quality of the alginate in terms of the chemical composition and rheological behaviour of alginate-reconstituted solutions (Peña et al., 2006) . This compound had an important effect on the acetyl content and physicochemical properties of this polymer. A two-fold higher acetylation degree of alginate was obtained when 13.6 mM MOPS was supplemented to the medium. The higher acetylation resulted in greater viscosity of the alginate solutions, but it exhibited less pronounced pseudoplastic behaviour. These changes in the functional properties of the polymer can have great value in terms of specific applications of alginate in food and pharmaceutical fields.
Effect of the specific growth rate
Another important culture parameter for the synthesis of alginate is the specific growth rate (Díaz- Barrera et al., 2009 Barrera et al., , 2010 Priego-Jiménez et al., 2005) . Priego-Jiménez et al., (2005) using exponentially fed-batch cultures, found that the specific growth rate of A. vinelandii negatively affects the MM of the alginate and to some extent, the alginate/biomass and alginate/sucrose ratio. This effect was particularly pronounced at very low specific growth rates (0.03 h -1 ), where the Y P/X , Y P/S and the MMM were up to 2.3, 10 and 14 times higher, respectively, than those obtained at a specific growth rate of 0.21 h -1 (the value found in conventional batch cultures). More recently, Díaz- Barrera et al., (2010) reported, in chemostat cultures, that the alginate MM increased from 800 to 1800 kDa when the dilution rate increased from 0.05 to 0.1 h -1 at a low inlet sucrose concentration (5 g L -1 ). In contrast, at high sucrose concentration, the MM increased from 1230 to 2500 kDa when the dilution rate, and therefore, the specific growth rate were decreased in the same range. According to the authors, this behaviour is linked to changes in the specific sucrose uptake rate (Díaz- Barrera et al., 2010) .
Parameters that affect PHAs production in A. vinelandii
Commercial production of PHAs requires not only high yields and productivities, but also a well defined chemical composition. Fermentation parameters affect the amount of PHAs produced by Azotobacter, and their chemical characteristics, such as the kind of polymer produced (PHB homopolymer or PHBV heteropolymer); the MM; and finally, the monomer ratio and distribution along the PHA heteropolymer chain. PHAs production in different organisms is induced under nutrient limitation (Verlinden et al., 2007) . For Azotobacter species, oxygen limitation is the most efficient way to induce PHB production Senior & Dawes, 1971 Verlinden et al., 2007) . Besides www.intechopen.com oxygen limitation, changes in the carbon and nitrogen sources can affect PHB biosynthesis by Azotobacter (Myshkina et al., 2008; Page, 1992) . Also, the addition of alkanoates to the medium allows the synthesis of PHAs with different monomer composition (Myshkina et al., 2010; Page et al., 1992) .
Oxygen limitation
When Azotobacter grows under oxygen limitation there is a reduction in the activity of the tricarboxylic acid cycle (TCA), and the molecules of acetyl-CoA are channeled to PHB production, and the synthesis of PHB acts like an electron sink (Page & Knosp, 1989; Senior et al., 1972) . The positive effect of oxygen limitation on PHB production (based on yield and PHB content), has been reported for A. vinelandii in batch cultures, using wild type strains UW (Page & Knosp, 1989) and ATCC9046 , and the PHB overproducer mutant strain UWD (Page & Knosp, 1989) . Changes in oxygen concentration have been successfully used in fed batch cultures of A. vinelandii UWD (Chen & Page, 1997; Page et al., 2001) . Chen & Page (1997) , enhanced biomass production of this strain using high aeration during the first stage of the culture and then, at the second stage, aeration was lowered, promoting PHB formation. At the end of the culture, PHB concentration reached 36 g L -1 of PHB, in contrast to 25 g L -1 of PHB reported by Page & Cornish (1993) in fed-batch cultures without aeration changes.
On the other hand, there are few reports related to the effect of oxygen on the composition of the PHB produced by Azotobacter. Quagliano & Miyazaki (1997) observed in fermentations of A. chroococcum 6B that changes in the aeration rate from 0.5 to 2.5 vvm could negatively impact the molecular weight of the PHB with a 10 fold decrease from 1100 to 111 kDa. Myshkina et al., (2008) observed, in cultures of A. chroococcum 7B in shake flasks, that the MM increased from 1480 to 1670 kDa when the agitation rate decreased from 250 to 190 rpm. In contrast, the yields of PHB (Y PHB/Biomass ) at both agitation rates were the same (0.75 g PHB g -1 biomass ). These authors also evaluated the effect of strict microaerobic and anaerobic conditions during stationary phase, on PHB yield and on its MM. Under these conditions, the PHB content decreased to 2.6 and 1.7 g L -1 , respectively, but the MM increased, reaching 2215 kDa at the strict anaerobic condition (Myshkina et al., 2008) .
Medium composition: carbon and nitrogen sources
The high production cost is the main limiting factor for the use of PHAs for commercial purposes. An alternative to reduce costs is the use of cheaper feedstock (Page, 1992) . Several attempts have been made to improve the culture media composition which depends on the microorganism (Table 2) . Although Azotobacter is a nitrogen fixing bacteria, addition of a fixed nitrogen source can improve PHAs production. Quagliano & Miyasaki (1997) , found that increasing the C:N ratio improved PHB yields, although the MM of the polymer dropped eight fold. Page & Cornish (1993) observed that organic nitrogen sources like fish peptone improved PHB production. In addition to the use of low cost nitrogen sources, the use of low price carbon sources is a good alternative to reduce production costs (Page, 1992; Verlinden et al., 2007) . Page (1992) found that in shake flasks cultures the addition of 0.5 % (P/V) of beet molasses, increased the PHAs content in A. vinelandii UWD to 7 g L -1 , in contrast to the 1 g L -1 obtained when using sucrose at 2%(P/V) as a sole carbon source. Although beet molasses were the best carbon source, this strain was also able to grow and produce PHAs using cane molasses, malt extract or corn syrup. However, Myshkina et al., (2008) observed that for A. chroococcum 7B, molasses did not improve growth or PHB www.intechopen.com production, while the best PHB yields were obtained with commercial sugar and vinasses. These authors also reported that the MM of the PHB could be affected by the carbon source, reaching the highest MM when using glucose, food sugar or starch (1660, 1490 and 1310 kDa). Table 2 . PHB production by Azotobacter grown with different sources of carbon and nitrogen.
Strain
Addition of alkanoates
For several Azotobacter spp., the addition of alkanoates to the growth media for PHAs production allows the synthesis of polymers with specific composition (Durner et al., 2000; Gónzalez-López et al., 1996; Myshkina et al., 2010; Page et al., 1992; Zinn et al., 2003) . The effect of alkanoates addition is dependent on the strain and its metabolism. In cultures of A. vinelandii UWD, the addition of odd alkanoates (C 5 -C 9 ) allowed the biosynthesis of the copolymer PHBV. Although there was copolymer production using the three different substrates (valerate, heptanoate and nonaoate), the highest proportion of HV was achieved with valerate . For A. chroococcum the biosynthesis of PHBV by addition of not only five carbon valeric acid but of other organic acids (propanoic and hexanoic), was reported. However the best yields and the highest HV content were obtained with valerate (Myshkina et al., 2010) . The addition of alkanoates with more than five carbons to Azotobacter cultures did not allow biosynthesis of hydroxyalkanoates of a higher monomer chain length (Myshkina et., al 2010; Page et al., 1992) . Although Azotobacter and Pseudomonas are genetically related (Setubal et al., 2009) , the PHAs metabolism in Azotobacter differs completely from that observed in most Pseudomonas species which are efficient producers of mcl-PHAs (Durner et al., 2000; Hartmann et al., 2005; . However, the close genetic relationship between Pseudomonas and A. vinelandii could be useful for genetic improvement of A. vinelandii www.intechopen.com strains for the biosynthesis of mcl-PHAs, as has been successfully reported for E. coli Verlinden et al., 2007) .
Scaling up of alginate and PHAs production
Trying to reproduce in agitated tank the results obtained in plates or in shake flasks, is troublesome and the variables involved are poorly understood. This is particularly important, because the MM of the polymer drops dramatically when the alginate process is scaled up from shake flasks to fermentors (Peña et al., 1997 (Peña et al., , 2000 . Both, the power input (P/V) and the oxygen transfer rate (OTR), have been used as scaling up parameters (Peña et al., 2008; Reyes et al., 2003) . Recently, our group has studied both the evolution of the specific power consumption and oxygen transfer rate, occurring in shake flasks cultures of A. vinelandii . These studies have revealed that the power consumption increased exponentially during the course of the fermentation (up to 1.4 kW m -3 ) due to an increase in the viscosity of the culture broth. Taking these data as a starting point, a scale-up strategy based on the evolution of the power input observed in shake flasks has been evaluated, trying to reproduce in a stirred fermentor culture the MMM of the alginates obtained in shake flasks (Peña et al., 2008) . Simulating the evolution of the power input in 14 L fermentors, allowed us to reproduce the MMM and molecular mass distributions of the alginate obtained in shake flasks (Figure 4 ), a situation that had not been possible to achieve before using other criteria (i.e., initial power input (Reyes et al., 2003) ). Fig. 4 . Scaling-up of alginate production using the evolution of power input as a criterion.
Currently PHAs bacterial production, at industrial scale, is mainly conducted using the strain C. necator, until now the most cost-effective fermentative process for the copolymer PHBV (Verlinden, 2007; Wang et al., 2011) . In addition, several species of Pseudomonas have been described as potential producers of mcl-PHAs (Durner et al., 2000; Hartmann et al., 2005; Wang et al., 2011) . For both fermentation processes the scaling up strategies have focused not only on increasing biomass and polymer content using low cost feedstock, but also on improving chemical properties of the biopolymer. The main strategies proposed in this line are related to the use of fed batch and continuous cultures Verlinden et al., 2007; ) . The PHAs production is usually operated as fed batch cultures, with an initial growth phase in rich medium in order to obtain a high cell density culture, followed by a product accumulation phase usually under substrate limiting conditions (Verlinden et al. 2007; . It is worthy to point out that for fed batch cultivations it is important to define the composition of the media used for starting the culture, the feeding composition, the type of limitation used for inducing PHA synthesis, and the time at which the feeding should be started. The adequate selection of these parameters can improve the yields and composition of the PHA produced. Fed batch cultures of A. vinelandii UWD using beet molasses have successfully improved PHAs content from 7 g L -1 obtained in flasks, to up to 25-36 g L -1 in fed batch cultures, reaching a maximum yield of 0.65 g PHA g -1 Carbon source (Chen & Page, 1997; Page et al., 2001) . Continuous fermentation is an alternative to increase PHAs productivity . These fermentations have been successfully used to improve mcl-PHAs production parameters with Pseudomonas and scl-PHAs with C. necator (Zinn et al., 2003) . Using C. necator DSM 428, Zinn et al., (2003) evaluated the PHBV copolymer production under dual (C,N) limitation in chemostat cultures, obtaining controlled composition of the polymer in the range of 0-62 mol % HV. The cultivations in chemostat allowed a constant production of PHB/HV and an accurate control of the polymer composition.
In the case of mcl-PHAs production, Hartmann et al., (2005) evaluated chemostat cultures of Pseudomonas putida GPo1 under dual (C, N) limitation. They found, that the monomeric composition of mcl-PHAs was independent of the C:N ratio in the feed media, but it was dependent on the dilution rate. They also found that at low dilution rates, the fraction of aliphatic monomers in the mcl-PHAs was slightly higher than at high dilution rates.
Design of novel processes to improve alginate and PHA production
Alginate production by fermentation using the A. vinelandii bacterium could be a feasible strategy; however, polymer concentrations in batch cultures reported so far are very low, with maximum concentrations of alginate in the range of 3-5 g L -1 (Parente et al., 2000; Peña et al., 2000; Sabra et al., 2000) . It is important to point out that the final alginate concentration is the most important parameter in determining the economics of the process, as it is related to the recovery cost, especially during the precipitation step (Peña et al., 2008) . Several fermentation strategies have been reported in the literature with the aim of improving the quantity and/or quality of the alginate (Asami et al., 2004; Cheze-Lange et al., 2002; Mejia et al., 2010; . For example, Cheze-Lange et al., (2002) reported the advantages of continuous production of bacterial alginate by A. vinelandii, coupled to a system of membranes of varying nominal pore sizes. According to these authors, the yields of alginate with respect to sucrose were significantly higher compared to the batch process. However, the MM of the polymer and the polydispersity were very similar to those of the alginate obtained from batch experiments. Asami et al., (2004) found that the productivity and the fraction of GG-blocks of the alginate produced by A. vinelandii in a bubble column were higher than those obtained in shake flasks. They observed that the production of GG-blocks in the late exponential growth phase was higher than that obtained in the stationary phase. However, the authors did not explain the reasons for the difference in the fraction of GG blocks under varying conditions. Our research group has carried out studies in fed-batch and multistage fermentation processes (Mejía et al., 2010; Priego-Jiménez et al., 2005) that are able to achieve high biomass concentration, in order to take advantage of the higher specific-alginate production capacities of mutant such as the AT6 strain. Employing a high oxygen concentration (10%) allowed obtaining a maximum biomass concentration of 7.5 g L -1 in the first stage of the cultivation. In the second stage, the cultures were limited by oxygen (oxygen close to 0%) and fed with a sucrose solution at high concentration. Under those conditions, the growth rate decreased considerably and the cells used the carbon source mainly for alginate biosynthesis, obtaining a maximum concentration of 9.5 g L -1 , after 50 h of cultivation. Alginate concentration obtained from the AT6 strain was two fold higher than that obtained using the wild-type strain (ATCC 9046) and was the highest reported in the literature (Mejía et al., 2010) . Most of the studies using Azotobacter spp. for PHA production have been implemented using batch cultures. Because PHAs are intracellular products and their synthesis occurs under growth limiting conditions, like oxygen limitation, fed-batch fermentation or multistage cultures have been the methods used to achieve high cell densities containing the highest possible amount of PHA with several PHA producers (Akaraonye et al., 2010) . On the other hand, continuous cultivation is an interesting alternative strategy because a high productivity can be reached, especially for strains with a high specific growth rate (Akaraonye et al., 2010) . However, it is difficult to balance biomass concentration, PHAs content and productivity, because changes in the dilution rate can have opposite effects on cell growth and PHAs synthesis. This is due to the requirement for a nutrient limitation to induce polymer synthesis, at growth rates below the maximum specific growth rate. The ability to produce PHAs under non limiting growth conditions of some A. vinelandii strain could represent an advantage to establish continuous culture processes (Page & Knosp, 1989) . Two-stage continuous cultures can help establishing a good growth/PHAs synthesis compromise. Jung et al., (2001) used a two-stage continuous cultivation system with two fermentors connected in series, producing cells a t a s p e c i f i c g r o w t h r a t e i n t h e f i r s t compartment, and establishing conditions to accumulate PHA at higher rates in a second compartment, with a relatively long residence time. Dilution rates of 0.21 h −1 in the first fermentor and 0.16 h −1 in the second fermentor yielded a volumetric PHAs productivity of 0.06 g PHA L −1 h −1 , a high productivity for cultures grown on alkanes. Processes using cheaper substrates have the potential to lower the production costs of PHAs production, but for the use of some of these substrates additional processing is needed. Cerrone et al., (2010) reported an interesting strategy to simultaneously produce PHB and treat olive mil wastewater using A. vinelandii UWD, A. vinelandii ATCC 12387, or A. chroococcum . It consisted on a phase of anaerobic digestion of the olive mil wastewater during 27 h, in order to produce short-chain fatty acids, to later inoculate the Azotobacter strains for the aerobic PHA producing stage. Similar strategies could be implemented for the utilization of other agro-industrial residues allowing the use of cheap substrates and additionally reducing costs by linking PHA production with waste disposal processes.
Down stream processes
Alginate and PHAs have been proposed for novel applications in pharmaceutical and biomedical fields. However, for these applications it is necessary to ensure products with a high purity, and in most cases with a defined chemical composition. Chemical composition of these polymers can be controlled by the fermentation stage, but their purity will be determined by the down stream processing. Moreover, costs and efficiency of purification procedures could affect the whole process feasibility. The extraction process of alginate from Azotobacter, starts with the supernatant recovery from the fermentation broth by centrifugation. Afterwards, the supernatant is treated with NaCl 2, followed by an acidification-hydration step, and finally it is precipitated with isopropanol. This final product could be dried and milled (Sabra & Zeng, 2009 ). However, alginates for applications in the biomedical and pharmaceutical fields need to be nonimmunogenic, and this extraction process does not ensure a high purity of the product. The immunogenic response could be due to the presence of polyphenols, endotoxins or proteins (Ménard et al., 2010) . With the purpose of removing these impurities Ménard et al., (2010) proposed the introduction of size exclusion chromatography (SEC). Using this method, the authors observed a reduction of up to 90 % of residual protein contaminants in commercial alginate and therefore a decrease in the immunogenicity of the alginate beads prepared. Once that alginate is purified, it could be modified to enhance or change its physicochemical properties, by either chemical (Yang et al., 2011) or enzymatic methods (Morch et al., 2008) . Alginate downstream modifications could include, acetylation, addition of aminoacids and/or proteins, deacetylation, epimerization, oxidation, sulfation and copolymerization. The PHAs extraction processes require the separation of the cells containing the polymer by centrifugation. The recovery of intracellular PHAs could be carried out by solvent extraction using acetone, chloroform, methylene chloride or dichloroethane. Although this method is the most used, it is also expensive and environmentally unfriendly (Verlinden et al., 2007; Yasotha et al., 2006) . Besides, several alternative methods have been developed to improve PHAs purification. Enzymatic digestion does not need hazardous solvents and it shows high selectivity. Yasotha et al., (2006) proposed an enzymatic method coupled to an ultrafiltration system and achieved a final PHAs purity of 92.6 % with a recovery of almost 90 %. However, this method could be very expensive. Another interesting alternative for PHAs recovery was proposed by Page & Cornish (1993) , using fish peptone like nitrogen source for the growth of A. vinelandii. Fish peptone enhanced PHB production and led to the production of pleomorphic and osmotically sensitive cells. They took advantage of this cell fragility to simplify PHAs extraction method using NH 4 OH at 45ºC. With this method PHB was recovered with a 94% of purity. Finally, Hejazi et al., (2003) , developed a method based on supercritical fluid disruption of the cells using supercritical CO 2 at 200 atm, with a PHB recovery of 89%. Although this method also uses organic solvents, it requires less than the traditional extraction method.
Conclusions
Based on a better understanding of the biosynthesis and regulation of alginate and PHAs in A. vinelandii, as well as on the development of new cell culture systems for biopolymers production, it is possible to propose new fermentation strategies to obtain alginate and PHAs with specific chemical characteristics and more defined material properties. These materials could be used in specific applications in pharmaceutical and biomedical fields. In summary, this chapter has shown that the use of a multidisciplinary approach, integrating molecular and bioengineering aspects, would allow the optimization of both alginate and PHAs production using A. vinelandii.
